One of the environmental issues related with the numerous dams of the Alqueva irrigation system (South of Portugal) was, and still is, the definition of the ecological regimes. Besides other features, those regimes must account for the extreme water scarcity that characterizes the region.
lake in Europe, with a gross and a net storage capacity of 4500 and 3150 million cubic meters, respectively. Alqueva is the "heart" of an irrigation system that will supply water to 115 thousand hectares, by means of 15 dams spread over the region (existing and new ones), more than 300 km of open channels and more than 2000 km of buried conduits [3] . One of the environmental issues related with the Alqueva irrigation system was, and still is, the definition of the ecological flows to be implemented downstream of each dam. In fact, Alentejo has very specific hydrological constraints being one of the driest of even the driest region of Portugal [11] , with a mean annual rainfall of about 500 mm and a mean annual flow below 150 mm, these hydrological variables also being characterized by a very pronounced temporal irregularity (within each year and among years): about 75 to 80% of the rainfall and 90 to 95% of the runoff occur during the wet season (from October to March). Most of the rivers are of the torrential type, only having runoff during a few days of the wet season.
The availability of water that became possible through the Alqueva system may suggest that more water could be launched into the rivers during the dry season, by means of artificial ecological flows. This perspective, though somehow tempting, may not be the most correct one as the local river ecosystems are naturally adapted to extreme water scarcity. Also a wise and tight management of the water in Alentejo is crucial, as the price of that essential asset is not expected to be small.
In the previous scope several methods were tested and compared, aimed at defining the ecological flows downstream of the 12 dams (either existing or new ones) of the Alqueva system.
In a broad sense, the ecological flow for a given river reach is the flow that ensures the conservation and maintenance of the natural aquatic ecosystems, including their biodiversity, the production of species with sporting or commercial interests, as well as the conservation and the maintenance of the riparian ecosystems, of the esthetic features of the landscape or of other features of scientific and cultural interest [2] . An ecological flow regime is a temporal sequence of flows, generally defined in a monthly basis. Therefore, any flow or sequence of flows able to preserve the "dynamics" (performance, composition and structure) of the "fluvial-related" ecosystems in natural conditions can be considered an ecological one. This implies that for each river reach there is no such thing as "the ecological flow" but instead a range of ecological flows, varying from minimum ones to maximum ones. With water being a resource that is becoming progressively scarcer, the minimum ecological flows are generally the envisaged ones. It should also be pointed out that nowadays "natural conditions" do not mean pristine or untouchable conditions, which no longer exist, at least in the European rivers. They refer to the conditions that occurred prior to the construction of the infrastructure (such as a dam) that is responsible for changes in the fluvial corridor and, consequently, in the ecosystems connected with that corridor.
The physical organization of each natural fluvial corridor as well as the biologic "performance" of the ecosystems connected with it are deeply dependent on the flow regime as this regime determines the morphologic, the hydraulic, and by extension, the biologic parameters of such a corridor. Consequently, several methodologies and criteria aimed at defining ecological flows utilize the characteristics of the natural river flows, with emphasis on the values of the flows themselves as well as on their temporal variability (within each year and among years). Also, the river flows are most of the time the only easily available data when the definition of a given ecological flow regime is envisaged.
In the previous understanding, three methods of the hydrologic type were applied to 12 dams of the Alqueva system and the ecological flows thus achieved were compared. The methods under consideration were the wet perimeter method [1] , a method specifically conceived for Portugal, focusing on the characteristics of the monthly flow series [3] , and the basic flow method developed by Palau and Alcázar [5, 6] . These methods will be further referred to as the WP method, the INAG method and the QB method, respectively. Their application to each location/dam requires only monthly flow series (INAG and QB methods) or cross sections of the river reach downstream from the dam (WP method).
However, the comparison of the ecological flows thus predicted for the 12 dams showed that: i) at each location the different methods led to disparate ecological flows, as they could be either very large or very small; b) the ecological flows estimated by applying the same methodology to the different cross sections were also quite dissimilar and totally uncorrelated.
This sort of "anachronism" among ecological flows seemed even more abnormal as the region under consideration presents a very "coherent" hydrologic regime, characterized, as previously mentioned, by a very small mean annual flow depth, with almost the same value in the whole region, and by a very pronounced temporal irregularity. Notwithstanding the differences among locations related with the geometry of the cross sections and with the area of the respective watersheds, it was expected to achieve ecological flows of the same order of magnitude when expressed as a percentage of the modulus, mod Q .
Besides the values of the ecological flows, some hydraulic features of the flow regimes were also compared, namely the flow heights and the mean flow velocities (to simplify the presentation, the mean flow velocity in a given cross section will be referred as the flow velocity). This comparison showed that pronounced differences among ecological flows did not necessarily mean differences equally pronounced among the previous hydraulic parameters. In fact, the flow heights and especially the flow velocities were much closer than the differences among ecological flows could indicate. These results suggested that to recommend an ecological regime based only on the values of the natural flows may not be the most correct decision as only part of the features of the flow regime are taken into account.
In the previous scope, research was carried out in order to develop a method capable of providing comparable ecological flows under similar hydrologic constraints. The method thus achieved is supported by hydrologic and hydraulic criteria [7, 10] . The hydrologic criteria account for the water scarcity and for the temporal irregularity (within each year and among years) of the natural hydrologic regime and the hydraulic criteria, for the geometry of the cross sections and of the river reaches.
The hydrologic-hydraulic method: general description
In each cross section and besides its detailed geometry, the application of the hydrologic-hydraulic method (HH method) requires a long series of mean daily flows which, for Portugal, does not represent an obstacle as that kind of series can be easily established by applying the procedures developed in [8, 9] and widely proved.
By considering only part of the mean daily flows (in accordance with the criteria shortly presented), the flow heights and the flow velocities are computed, as well as the mean values of those hydraulic parameters. The mean monthly ecological flow is such that its velocity is equal to the mean velocity previously achieved [7, 10] . Based on that flow, a month-by-month regime is established by applying a kind of "monthly rotation", in accordance with the following equation, which accounts for the temporal variability of the flow regime throughout the year:
In the previous equation eco Q is the mean monthly ecological flow; i Q the ecological flow in month i; In fact, most of the time the rivers present extremely small flows and often, for two months or even more, no flows at all. Under these constraints the floods, though rare and restricted to a few days per year, may contribute significantly for www.witpress.com, ISSN 1743-3541 (on-line) the total runoff, as they may present flood discharge exceptionally large, with maximum values often several set of tens bigger than the modulus. As those floods do not really represent the flow regime in terms of water availability along the year, it was decided to discard part of the maximum mean daily flows, namely those flows with a mean annual duration (for a given set of n years, the duration, D, of a given flow/discharge, Q, is the number of days with flows equal or larger than that one. The mean annual duration, D , is the average number of days per year with flows equal or larger than Q ( n D D = )) smaller than 5 days (criterion for the extreme large flows).
On the other hand, the irregularity of the hydrologic regime combined with the extremely dry conditions that may occur during a significant part of the year, could justify ecological flows very small as those issues suggest that the local ecosystems are adapted to water scarcity. To prevent, somehow, ecological flows essentially influenced by the water scarcity, part of the flows during the dry season were discarded, namely the flows with mean annual durations D (days) computed by the following equation (criterion for the extreme small flows):
where D (days) is the mean annual duration of the modulus estimated as a function of the mean annual flow depth H (mm) by applying the following equation:
The latter equation is supported by the extensive hydrologic regionalization studies developed in [8, 9] . Those studies proved that the mean annual flow depth is a regional parameter capable of "describing" the hydrologic regime and of providing a powerful tool that enables the establishment of flows series at ungauged river sections. Some of the results from those studies are presented in Figure 2 which contains the representation of the relationship then established between the mean annual flow depth, H , and the mean annual duration of the modulus, D . The relationship between H and D , based on the records at 52 Portuguese stream gauging stations. Figure 2 shows that for flow depths smaller than 400 mm a linear dependency between H e D is expected. The decrease of D as H decreases denotes a flow regime progressively more irregular, with only a few days with flows greater than H . For larger values of H , D becomes more or less constant (approximately equal to 100 days), i.e., independent of H , which means that the temporal irregularity of the flow regimes is, in relative terms, more or less the same. This kind of "hydrologic behavior" can also be detected in the mean annual flow duration curves, as exemplified in Figure 3 , based on the daily records at seven Portuguese stream gauging stations. The mean annual flow duration curves at seven Portuguese stream gauging stations (curves and detail of the curves).
The previous results show that in order to increase the ecological flows more days with zero or almost zero flows must be discarded as H decreases. To fulfill this criterion eqn. (2) was adopted.
According to the criteria established for extreme large and extreme small flows the average of the velocities (which defines the velocity of the mean monthly ecological flow) was computed based on the daily flows with a mean annual duration comprehended between 5 and )
The application of the hydrologic-hydraulic method is schematically represented in Figure 4 . Table 1 Schematic representation of the application of the hydrologichydraulic method.
Results
As more than one section was analyzed for each case, a range of mean monthly ecological flows is presented instead of a specific value of that flow. To allow a brief comparison among methods, the range of mean monthly ecological flows computed by the wet perimeter method was also include (WP method). The mean monthly ecological flows given by the INAG and the basic flow methods are not presented in Table 1 as the former method always resulted in ecological flows too high (for most of the cases of about 24% of mod Q ) while latter method proved not to be applicable in the region as it resulted in ecological flows smaller than 1% of mod Q . Figure 5 completes Table 1 , by representing schematically the ecological flows of that table (within the range considered for the vertical axis), as well as those from the INAG method. In the figure, the two
Conclusions and discussion
A new method to define ecological flows based on hydrologic and hydraulic criteria was developed to Alentejo (South of Portugal) and it is briefly presented.
The hydrologic criteria account for the water scarcity and for the temporal irregularity of the natural hydrologic regime and the hydraulic criteria, for the geometry of the cross sections and of the river reaches. The data required by the application of the method to a given river reach are a series of mean daily flows and, as for the wet perimeter method, cross sections of that reach. In order to ensure that the special features of the flow regime are correctly considered, the previous series must be as long as possible (15 years or more). Also more than one cross section must be considered to attend the spatial variability of the geometry of the fluvial corridor.
The results achieved for 12 dams clearly show that the method is able to provide similar non-dimensional ecological flows despite the differences among watershed areas and mean annual flows depths. Mean monthly ecological flows from 9 to 12% of the modulus seem to be appropriate to the regional constraints. Based on each mean monthly ecological flow a monthly regime is established by applying eqn. (1) .
Finally, it should be stressed that the validation of any ecological flow regime requires a continuous monitoring of the local ecosystems, which, for the time being, has not yet been done.
